In this Letter we report the observation of angular-dependent metal-enhanced fluorescence (MEF) from fluorophores deposited onto silver island films (SiFs). When illuminated with laser light (473 nm) at angles of 45°and 90°from the surface, SiFs scattered light at wide observation angles biased by the direction of the incident light. We observed angular-dependent MEF (10-fold) from FITC-HSA immobilized onto the SiFs, again slightly biased with respect to the direction of the incident light. We also measured the photostability of FITC from the back of the glass substrate at angles of 225°and 340°.
Introduction
Since the first experimental demonstration by Drexhage [1, 2] that the spontaneous emission rate of fluorescent species could be modified by changing the local photonic mode density (PMD) by metal surfaces, there has been numerous studies to describe the interactions of fluorophores with metals placed in close proximity [3, 4] . One can find a detailed summary of fluorescence near interfaces in a review article by Barnes [5] . When placed near a planar metal surface, the spontaneous emission of a single emitter (atom or molecule) follows a radiative and/or a non-radiative decay channel and is mainly dependent on the distance (R) between the emitter and the metal as well as the orientation of the dipole of the emitter with respect to the metal surface [6] . Two effects can be expected as a result of the distance dependence of the emission rate: (i) the emission rate oscillates as the distance is increased as the phase of the reflected field changes with distance and (ii) the strength of the oscillation decreases since the dipole emitter is a point source. The relevance of dipole orientation can be seen when we consider the reflecting (metal) surface produces an image dipole on the metal surface. For a very small distance between the emitter and the metal surface, a dipole that is parallel to the surface is cancelled out by its image and a perpendicular dipole is enhanced. In this regard, the distance dependent spontaneous emission rate can be predicted assuming that the reflecting surface is perfect and the dipole moment of the emitter rotates rapidly within the emission lifetime.
It is important to note that the processes summarized above were derived for planar metal geometries, and one can find studies in the literature offering a description and applications of spontaneous emission rate near metallic nanoparticles similar to the description for planar metal geometries [7] [8] [9] [10] [11] [12] [13] [14] [15] . The major difference between the planar systems and particulate systems is the inclusion of localized modes occurring in particles. The localized modes in particulate systems results in the omission of the oscillations of decay rate observed for the planar systems. The frequency of the localized modes depends on the both the size and the shape of the metallic nanoparticles. For a single emitter placed near metal nanoparticles (using a dipole-dipole model) the non-radiative decay rate is shown to follow an R À6 dependence, the radiative decay rate follows an R
À3
dependence and is also dominated by a dipole polarizability of the metallic nanoparticle [10] . It was also reported that the energy partially transferred (non-radiative coupling) from the excited state of the fluorescent species to surface plasmons of the metallic nanoparticles is then radiated by the nanoparticles themselves [16] . The extent of the radiation of the coupled energy by the metallic nanoparticles is also thought to be related to the scattering efficiency of metallic nanoparticles [17, 18] . In recent years there has been resurgence in the number of papers published on metal-fluorophore interactions, given the ever-growing understanding of these interactions. One particular application is called metalenhanced fluorescence (MEF) [19] , where the fluorescence emission of fluorescent species is significantly increased by metal nanoparticles [20, 21] . In almost all of these reports of MEF, different shapes and deposition techniques are used to deposit plasmonic nanoparticles on a surface and the fluorescence emission (quantum yield), lifetime and photostability are measured using front-face geometry (excitation and emission in the same front space as the plasmonic nanoparticles, i.e., on the same side as any support used. However, a recent report by Kawasaki et al. [22] shows that fluorescence emission from a fluorophore placed in close proximity to thick silver island films (prepared by sputtering) also couples into the mica substrate and is emitted in an angular-dependent fashion from back of the film. Our research group also reported similar observations from gold nanoparticle-deposited glass surfaces [23] , which originated from our previous observations on angulardependent scattering from gold colloids [24] . We reasoned that since the plasmonic nanoparticles are efficient in scattering light in an angular-dependent fashion (as predicted from Mie and Maxwell theories) and that the MEF phenomenon is directly related to the plasmon scattering of coupled-light, MEF would also be angulardependent.
In this communication, we continue to build on our angular-dependent MEF studies and report our initial observations on angular-dependent light scattering and MEF from SiFs (deposited chemically onto a glass substrate). In this regard, we show that when illuminated at excitation angles of 45°and 90°(front-face geometry, separate experiments), SiFs scatter light an order-ofmagnitude larger than glass substrates without SiFs, in an angular-dependent fashion, the scattering distribution observed to be slightly biased by the direction of the excitation light. We observed angular-dependent emission from FITC-HSA when coated onto SiFs and when excited at 45°and 90°, the fluorescence intensity spatial distribution are very similar to the plasmon light scattering by the nanoparticles themselves, i.e., with no fluorophore. We have also measured the photostability of FITC at different observation angles and show that FITC has similar photostabilities at these angles.
Experimental
Silver island films (SiFs) were prepared according to our previously published procedure [25] . The angular-dependent light scattering from glass and SiFs and the angulardependent fluorescence spectra of FITC-HSA on glass and SiFs were collected using a setup described in one of our previous publications [23] . In short, a rotating stage (Edmund Scientific) is modified to hold a glass microscope slide and fiber optic mount. A laser line (at 473 nm) was used to illuminate the glass and SiFs for scattering studies and FITC-HSA for MEF studies at two excitation angles, i.e., 45°and 90°excitation. The angular-dependent scattering and the angular-dependent emission (through an emission filter, 488 nm razor edge) was then collected between the angles of 0-360°, except those angles obstructed by the fiber holder, Fig. 1 .
The real-color photographs of FITC-HSA on SiFs and glass slides were taken with a Canon digital camera (3.2 Mega Pixel, 10Â optical zoom) using the same razor-edge filter that was used for the emission spectra.
Results and discussion
It was previously reported that for the MEF phenomenon, the observed enhanced emission from a fluorophoreplasmonic nanoparticle 'system' is directly related to the efficiency of the non-radiative energy transfer from the fluorophores to the plasmonic nanoparticles, and the subsequently scattering efficiency of the plasmonic nanoparticles [16] . The evaluation of any substrate coated with plasmonic nanoparticles for MEF is usually undertaken by measuring the fluorescence emission intensity and lifetimes from these substrates, with and without the nanoparticles. Since these measurements are performed on the same side (same space) as the plasmonic nanoparticles and the fluorophores, the extent of MEF, for the most part, does not depend on the refractive index of the substrate. On the other hand, when the detector is positioned at the back of the substrate, the refractive index of the substrate becomes important: since the emission intensity now depends on the degree of coupling of fluorescence emission from the 'system' into the substrate where the Fig. 1 . Experimental setup for collecting angular-dependent emission/ scattering from glass and silvered glass, as well as FITC-HSA coated glass and silvered glass. Only one excitation angle was used for each separate experiment. Ex: excitation. Emission was collected at 0-360°. nanoparticles are deposited. In this regard, for angulardependent MEF measurements, it is important to predict and/or experimentally determine the interaction of light (excitation and emission) with the plasmonic nanoparticle-deposited substrates. Fig. 2 shows the polar plots for the scattering of p-polarized light (473 nm laser) from uncoated glass (control substrate without plasmonic nanoparticles) and SiFs deposited glass substrates, where the light propagated at two different angles, 45°and 90°on the same side as the SiFs. We note that the angles for the excitation light employed here are common in fluorescence spectroscopy for planar surfaces. The illumination with p-polarized light on glass and SiFs results in mostly p-polarized scattering of light that is slightly biased with respect to the angle of the incident light. The intensity of scattered light from the SiFs is approximately 10 times larger, and observed at much wider angles than that from glass at both illumination angles. This is due to the fact that silver nanoparticles are very efficient in scattering light in an angular-dependent fashion [26] . Since the crux of this study is to utilize the scattering efficiency of silver nanoparticles after the interaction of illumination light or coupled fluorescence with the nanoparticles, we did not attempt to position the excitation source on the back of the substrate. Fig. 3 shows the polar plots for fluorescence emission of FITC-HSA from glass and SiFs when excited at 45°and 90°(separate experiments) on the same side as the SiFs and FITC-HSA. We note that the emission intensities at 30-70°and 50-100°were not collected due to the experimental constraints when the excitation angle was at 45°a nd 90°, respectively. The angular-dependent fluorescence emission from SiFs was larger than the emission from glass for both excitation angles and appears biased with respect to the angle of incident light. This can be seen by comparing the intensity distribution in Fig. 3 -top-left and bottomleft. At first this reproducible result was surprising, as isotropic fluorescence emission or emission following the Lambert's cosine law [27] for the substrates would be expected. The real-color photographs show the fluorescence emission from FITC-HSA from SiFs is brighter than that from glass as taken through a 488 nm emission filter at the two angles, 225°and 340°, on the back of the substrate. Fig. 4A shows a polar plot for the calculated angular fluorescence enhancement factor, the emission intensity of FITC-HSA at 517 nm from SiFs divided by the emission intensity from glass, for both excitation angles. MEF factors vary between 3-5 and 3-10 for the excitation angle of 45°and 90°, respectively. We note that this polar plot is not likely to be the true enhancement factor plot, as the spatial distributions of fluorescence (glass) and coupled fluorescence (SiFs) are different. That said the plot does represent the absolute intensity increase as a function of angle. Typical fluorescence spectra of FITC-HSA on SiFs, Fig. 4A -bottom are observed from both the front and the back of the glass substrate, which indicates that the spectral shape of free-space and plasmon-coupled emission are virtually identical.
It was previously reported that the angular-dependent scattering of light from surfaces can be explained by Lambert's cosine law, based on the assumption that glass is a Lambertian surface [27] . According to the Lambert cosine law, the intensity of scattered light, I(u), at an angle u from the normal to the surface is represented by [27] Ið/Þ ¼ I 0 cos / ð0 / p=2Þ ð 1Þ Then, the angular-dependent scattered intensity from the back of the glass is governed by [27] ,
where n 2 is the refractive index of glass. According to Eq. (2), the light initially scattered into the glass also follows the cosine law but was 2.28 (square of n 2 = 1.51) times larger than the intensity detected in the backspace. The scattering of light by subwavelength metallic nanoparticles themselves is angular-dependent. [28] For incident polarized light, the intensity of angular-dependent light scattered, I scatt, in the direction u (angle) by a homogeneous spherical particle with radius a << k (wavelength of light), of the incident beam, is also polarized and is described by the Rayleigh expression [26, 28] ; where I 0 is the incident intensity of monochromatic light, n med is the refractive index surrounding the particle, m is the refractive index of the bulk particle material (both functions of the incident wavelength) and r is the distance between the particles. Taking into account the cosine law governing the light scattering from the glass and the SiFs themselves, we note that several factors play an important role in the angulardependent scattering of light by SiFs-deposited surfaces observed here: (1) multiple scattering events: scattered light from a nanoparticle is reflected by another silver nanoparticle before scattering into the surrounding medium, (2) refractive index of the supporting substrate, and (3) excitation angle.
Moreover, it is well known that for fluorophores near interfaces with different refractive indices, a significant part of the fluorescence can be coupled into the medium of higher refractive index [29] , with a unique angular dependence peaking at the critical angle [30] . Given that MEF is related to the surface plasmons' ability to scatter the coupled emission, the fluorescence emission through the high refractive index medium was further increased (enhanced emission) but also in an angular-dependent fashion, when metallic nanoparticles are placed between the fluorophores and the glass interface.
As described in Section 1, the orientation of the dipole determines the extent of fluorescence enhancements observed from metallic surfaces. It is important to note that in our system here, fluorophore-labeled protein (4 nm in height) is randomly adsorbed onto SiFs and onto the glass substrate. In this regard, we expect an ensembleaveraged distribution of fluorophore orientations in our system due to the curvature of the silver islands. Thus, we expect that the observed enhancement emission is a result of those fluorophores which are positioned (depends on the direction of illumination) such that effective coupling of dipoles with the silver nanoparticles occur. Subsequently, due to the angular-dependent scattering nature of silver nanoparticles and the glass surface, the coupled emission is radiated in an angular-dependent fashion.
Since the angular-dependent enhanced fluorescence emission shown in Fig. 3 varies with the angle of observation, we next studied the photostability of FITC-HSA on SiFs at different observation angles from the back of the glass substrate, 225°and 340°, Fig. 4B . We again observe a higher photon flux (i.e., emission intensity is higher) from FITC-HSA on SiFs at 225°than 340°, as also shown in Fig. 3 and the photograph inserts. However, we note that the photostability of FITC was indistinguishable at some observation angles (225°and 340°are shown). Finally, we note the results of this study offer scientists with the opportunity for intensity-based angular-ratiometric surface assays, where the second emission intensity measured at an angle of choice could be used as a reference signal. The use of a second emission intensity also makes the measured fluorescence emission ratio independent of fluctuations in the excitation light and fluorophore loading; also offering scientists in different laboratories the opportunity to repeat the same experiment and obtain similar results.
Significance of these results for the interpretation of metal-enhanced fluorescence
It is important to comment on the angular-dependence of MEF in relation to the current interpretation of MEF. Several workers have described MEF as due to a fluorophore's modified radiative decay rate when in close proximity to metallic nanoparticles [8] [9] [10] . However, more recently Geddes and coworkers have described the mechanism of MEF as one where it is the particles (plasmons) themselves, which actually radiate the coupled-fluorophore quanta. From Fig. 3A , we can see that the coupled fluorescence intensity distribution is biased in the forward direction from SiFs, but it is not in the case of FITC immobilized solely on glass. This observation strongly suggests that the nanoparticles couple fluorescence and then radiate the fluorescence (elastically), the spatial intensity distribution dependent on the optical and scattering properties of the nanoparticles themselves. Subsequently, this observation further supports the mechanistic interpretations of MEF proposed by Geddes and coworkers [16] .
To summarize the physical events for the angular-dependent MEF phenomenon: (1) excitation of fluorophores from air, (2) non-radiative energy transfer to the silver nanoparticles due to the coupling of the excited state with surface plasmons of the silver (induced mirror dipole), (3) emission from the fluorophore-plasmonic nanoparticle system into free-space and into the glass substrate, (4) coupling (and reflection) of fluorescence emission to/from the glass, Fig. 5 .
Conclusions
We report the observation of angular-dependent MEF from fluorophores placed in close proximity to SiFs, a commonly used substrate. These observations were supported by our angular-dependent scattering studies, where we have shown that SiFs scatter light in an angular-dependent fashion which is slightly biased with respect to the direction of the excitation light. We note that the angular-dependent MEF does not follow the scattering properties/profile of the nanoparticles exactly, due to the heterogeneity of the sample. We have used two common excitation angles for surfaces, 45°and 90°. We observed angular-dependent metal-enhanced enhanced fluorescence with an up to 10-fold enhancement from FITC-HSA adsorbed onto SiFs when excited at these angles. We also observed similar photostability at the observation angles studied here. The intensity distribution is dependent on the angle of excitation, distance of fluorophore and dipole orientation from the silver nanoparticles, size and shape of the nanoparticles, refractive index of the substrate and the excitation wavelength.
